A number of recent studies have demonstrated variants of the action-sentence compatibility effect (ACE), wherein the execution of a motor response is facilitated by the comprehension of sentences that describe actions taking place in the same direction as the motor response (e.g., a sentence about action towards one's body facilitates the execution of an arm movement towards the body). This paper presents an experiment that explores how the timing of the motor response during the processing of sentences affects the magnitude of the ACE that is observed. The results show that the ACE occurs when the motor response is executed at an early point in the comprehension of the sentence, disappears for a time, and then reappears when the motor response is executed right before the end of the sentence. These data help to refine our understanding of the temporal dynamics involved in the activation and use of motor information during sentence comprehension.
The ACE is demonstrated in cases where the execution of a task response is facilitated by the comprehension of a sentence that describes an action that has the same motor features as the task response (Glenberg & Kaschak, 2002) . The ACE was originally demonstrated by Glenberg and Kaschak (2002) in a task where participants read and made sensibility judgements on sentences such as, "Meghan gave you a pen" (action towards you) or, "You gave Meghan a pen" (action away from you). Indicating that the sentence was sensible required either making an arm movement towards the body or making an arm movement away from the body. Participants were faster to execute the motor response when the direction of the response matched the direction of motion described by the sentence (e.g., making a response towards the body to the sentence, "Meghan gave you a pen"; see Borreggine & Taylor, 2006 , for further demonstrations of ACE effects). Borreggine and Kaschak (2006) developed an account of the ACE based on the theory of event coding (TEC) developed by Hommel and colleagues (e.g., Hommel, Musseler, Aschersleben, & Prinz, 2001) . TEC is a theory of perception and action planning, although we discuss the theory solely in terms of action planning. TEC proposes that action planning takes place in two stages. In the first stage, the actor activates features associated with one or more potential actions. For example, a person might consider grasping a salt shaker, a glass, or a coffee mug, all of which are situated on a table in front of her. Features associated with the potential grasp of all of those objects become active at this point (e.g., the salt shaker and glass might activate the "right" feature because they are to the right of the person, whereas the mug activates the "left" feature because it is to the left of the person). If more than one potential action activates the same feature (e.g., the salt shaker and glass both activate the "right" feature), that feature receives more activation than if it was only activated by one potential action, and priming between the potential actions occurs. In the second stage of action planning, the person selects an action for execution (e.g., grasping the salt shaker). The features relevant for the execution of this action are bound into what Hommel et al. (2001) call an event code. For the present purposes, the important thing to note about an event code is that when a feature ("right") is bound to a particular action (grasping the salt shaker), it is temporarily less available for use in preparing another action that involves the same feature (e.g., grasping the glass, which also requires the "right" feature).
cards. The second step in simulating motor actions during language comprehension occurs at or near the completion of the sentence, once enough information has accrued to fully specify the action that is taking place. Here, the active features are bound into a full simulation of the action described by the sentence. This is akin to TEC's proposal that features are bound into an event code when an action is executed.
On Borreggine and Kaschak's (2006) view, the ACE arises because of the parallel two-step processes that are needed to prepare the motor response for execution and to simulate the action described in the sentence. When the nature of the motor response needed to make the sensibility judgement (towards or away) is known, it activates a directional feature (towards). As the sentence is being processed, a directional feature (towards) is activated in preparation for the simulation that will be executed. In cases where both the motor response and the sentence activate the same feature (towards), priming between the preparation of the motor response and the preparation of the simulation will occur (as in the grasping example used to illustrate TEC earlier in the paper). This priming is the mechanism that drives the ACE. Whereas activation of common action-relevant features during motor planning and sentence processing is the mechanism that produces the ACE, one other precondition must be met in order for the ACE to be observed: The participant must execute the motor response at a point in time at which the directional feature is not bound to the simulation of the sentence (in Borreggine & Kaschak's experiments, this meant executing the motor response before the simulation was run). If the motor response is executed at a point in time at which the directional feature is not bound to the simulation, the execution of the motor response will be speeded by virtue of the priming that arises when the sentence and motor response activate the same feature. Once the feature has been bound to the simulation, it becomes less available for use in executing the motor response, and the ACE disappears. Borreggine and Kaschak (2006) provided support for their approach by showing that the presence or absence of the ACE could be controlled by manipulating the point in the trial at which participants knew what motor response to make in order to indicate that the sentence was sensible. They presented sentences to the participants auditorily, and at some point during each trial a visual cue would indicate whether the participant should make a towards response or an away response in order to say that the sentence made sense (they were to make no response if the sentence was not sensible). When the visual cue was presented at the beginning of the trial, the motor response could be prepared early in the comprehension of the sentence, and participants were able to execute the motor response before the end of the sentence (given that most sentences were obviously sensible or nonsensible; see Borreggine & Kaschak, 2006 , for a discussion). The ACE was seen under these circumstances. When the visual cue was presented at various points immediately following the conclusion of the sentence, the ACE disappeared. Borreggine and Kaschak's (2006) results are consistent with two explanations. The first explanation (which we call the feature binding account) is the TEC-based account described earlier: At (or around) the end of the sentence, participants bind the directional feature (towards or away) to their simulation of the sentence, and the feature is therefore less available for use in executing the motor response. An alternative account (which we call the feature activation account) would explain the presence (and absence) of the ACE without proposing that motor features are bound to the simulation of the sentence. On this view, the comprehension of sentences involves activating motoric information that can prime the execution of congruent motor responses (similar to Borreggine & Kaschak's account) . The ACE will therefore appear when the motor response is executed during online sentence processing (as in Borreggine & Kaschak' s Experiment 1) and will disappear when sentence processing has been completed (as in . Note that in this case, the ACE disappears not because motor features are bound to the simulation, but because the motor features relevant to the sentence are no longer active once sentence comprehension has been completed.
In order to distinguish between the feature binding and feature activation accounts of the ACE, it is necessary to pin down the temporal dynamics of motor congruence effects during sentence processing. Some steps have already been taken in this direction. With regard to feature activation, Zwaan and Taylor (2006) used a phrase-by-phrase reading task to show that motor information about the actions described in the sentence is activated as early as possible during sentence comprehension (e.g., when the verb indicates the nature of the action to be taken). This would need to be the case in order for the ACE to arise in the manner discussed above. Things are less clear with regard to the binding of features into simulations. The present data are consistent with the idea that the execution of simulations (and the requisite binding of features) occurs at or near the end of the sentence, but they are also consistent with accounts that do not make recourse to feature binding during simulations. However, the feature binding and feature activation accounts make different predictions regarding the pattern of ACE effects that should arise at different points during online sentence comprehension. The feature activation account suggests that the ACE should be present throughout the presentation of the sentence (since the comprehender's focus on the incoming language should keep the relevant motor features active while the participant is processing the linguistic input). On the other hand, the feature binding account would predict that the ACE should disappear at some point around the end of the sentence, perhaps even somewhat before the end of the sentence. Given that sentence processing is incremental in nature (e.g., Tanenhaus, Spivey-Knowlton, Eberhard, & Sedivy, 1995) and that many extant models of sentence processing can arrive at a plausible sentence interpretation before all of the words have been fully processed (e.g., MacDonald, Pearlmutter, & Seidenberg, 1994; McRae, Spivey-Knowlton, & Tanenhaus, 1998) , it is possible that comprehenders are able to start running their simulations before the actual conclusion of the sentence (i.e., once they have enough information to specify the nature of the action taking place).
The experiment presented below is designed to take a first step towards pinning down the window of time during which simulations are run during sentence comprehension. Whereas Borreggine and Kaschak (2006) focused their efforts on observing the ACE effects that arise when the nature of the motor response needed for the sensibility judgement was known either at the beginning or after the end of the sentences, the present experiment explores how the ACE changes when the motor response is planned and executed at different points within the sentence itself. In our experiment, participants were asked to listen to the sentences used in earlier studies of the ACE (Borreggine & Kaschak, 2006; Glenberg & Kaschak, 2002) . They were told to remember what each sentence means, as they were to be given a memory test at a later point in the experiment. We also told participants that they would be engaging in a secondary task designed to examine how the presence of distraction affects their memory. The distractor task was used in place of the sensibility judgement task employed in earlier studies of the ACE. At some point during each trial, a visual cue would appear on the screen. Based on the cue, participants were told to immediately execute one of two actions: a towards response or an away response. These responses were identical to the motor responses used by Borreggine and Kaschak (2006) . The visual cue was presented 500, 1,500, or 2,000 ms after the onset of the sentence. (Note that the average sentence length for our materials was approximately 2,300 ms.)
The condition in which the motor cue was presented 500 ms after the onset of the sentence was designed to replicate the ACE within the slightly modified paradigm employed for this study. Because the presentation of the motor cue (and the subsequent planning and execution of the motor response) occurs very early in the sentence, it is expected that the ACE should arise for the reasons given earlier: Activation of a directional feature ("towards") by the sentence and motor response primes the use of that feature, speeding the execution of the motor response. The conditions in which the motor cue was presented at 1,500 and 2,000 ms after the onset of the sentence were designed to present the motor cue at time points near the end of the sentences in order to determine when (and if) comprehenders are binding the activated motor features into a simulation. If comprehenders are running simulations before the end of the sentence, it is expected that the ACE should be attenuated in one or both of these conditions. Such a finding would take a step towards ruling out the feature activation account of the ACE, as this would show that the ACE disappears at a point in time where some processing of the linguistic input remains to be done.
METHOD Participants
The participants were 144 introductory psychology students from Florida State University (48 in each of the three cue presentation conditions). They received course credit in exchange for their participation. Across the conditions, the data from a total of 9 participants were replaced due to low accuracy on the experimental task. Average response accuracy for the remaining participants was over 98%.
Materials
The critical sentences for this experiment were the 40 transfer sentences used by Glenberg and Kaschak (2002) . Each sentence had a "towards" version (e.g., "Mark dealt the cards to you") and an "away" version (e.g., "You dealt the cards to Mark"). In addition, 20 of the transfer sentences described literal, concrete transfer (as in the "Mark" sentences), and 20 of the sentences described abstract transfer (e.g., "Andy pitched you the idea"). An additional 40 filler sentences were selected from Glenberg and Kaschak's (2002) materials. These fillers were the nonsensical items used in previous ACE experiments (e.g., "Frank boiled you the sky"). Although the experiment did not employ a sensibility judgement task, we decided to include the nonsensible items both to make the memory task facing the participants more challenging and to keep the overall set of materials as similar as possible to the earlier ACE studies. A total of 18 additional sentences (9 sensible) were generated to serve as practice items at the beginning of the experiment. All sentences were recorded by a female speaker of American English using the freeware, open source software program Audacity1.23 (Creative Commons attribution licensure) and played using Null soft Winamp 5.08. The mean length of the critical sentences was 2,267 ms (SD = 336 ms). Critical sentences are listed in Appendix A.
To ensure that sentences appeared equally often in all four critical conditions of the experiment (away sentences, away response; away sentence, towards response; towards sentence, away response; towards sentence, towards response), we created four counterbalanced lists on which a different set of 10 sentences were assigned to appear in each of the four critical conditions. Sentences were assigned to conditions randomly within the constraints that only 10 sentences could appear in one condition on each list, and a sentence could only appear in a condition once across the four counterbalance lists. On each list, there were an equal number of concrete and abstract transfer sentences in each condition.
Procedure
Participants were randomly assigned to counterbalance lists, with the constraint that an equal number of participants appeared on each of the four lists across the entire experiment. The participants were told that they were going to hear a series of sentences, and that they should remember what each sentence meant as the experiment was going to end with a memory test (which was not actually administered). They sat with the computer keyboard situated on their lap at a 90-degree angle from its normal orientation, such that the letter "Q" was situated away from their body, and the letter "P" was situated near their body. To initiate the playing of a sentence, participants pressed and held down the "Y" key on the keyboard. Participants were also told that they would engage in a distractor task during the experiment. They were told that at some point during each trial, the letter "P" or "Q" would appear on the computer screen. As soon as they saw the letter, they were to immediately release the "Y" key and press either the "P" or the "Q" key (based on the letter presented on the screen). A "P" response would be a response towards the body, and a "Q" response would be a response away from the body. The "Y", "P", and "Q" buttons had plastic blocks placed on top of them to facilitate responding. The "P" or "Q" appeared on the screen 500 ms, 1,500 ms, or 2,000 ms after the onset of the sentence. The timing of the "P" and "Q" motor cues was manipulated between participants. To reduce practice effects, participants first responded to 18 practice items (9 sensible). These practice items transitioned smoothly into the critical part of the experiment so that participants would not be aware of the change.
(away sentence, away response, and so on). The data were then analysed using a 2 (Sentence Direction: towards vs. away) × 2 (Response Direction: towards vs. away) × 3 (Cue Presentation: 500, 1,500, or 2,000 ms after sentence onset) analysis of variance (ANOVA). Analyses were conducted across participants (denoted F 1 ) and across items (denoted F 2 ). Sentence direction and response direction are both within-participants and within-items variables. Cue presentation was a between-participants variable and a within-items variable.
It came to our attention after we had begun running the experiment that 11 of the critical sentences had at least one version (towards or away) that was shorter than 2,000 ms (in all but one case, both versions were less than 2,000 ms), meaning that the motor cue was presented after the end of these sentences in the 2,000-ms cue presentation condition. We therefore excluded these items from the main analyses of the experiment. This was done because our goal was to explore the ways that the timing of the motor response within the sentence changed the ACE as the motor response moved from an early point in the sentence (500-ms cue presentation) to progressively later points in the sentence (1,500-and 2,000-ms cue presentations). To make this comparison across conditions, it was important that the motor response be executed before the end of the sentence in all three cue presentation conditions (a constraint violated by the sentences shorter than 2,000 ms). Although these items are excluded from the main analyses of the data, they are included in the post hoc analyses conducted to explore how the magnitude of the ACE is related to the length of the individual sentences (presented after the main results).
RESULTS
In each cue presentation condition, the critical question is whether we observe the ACE. The ACE manifests itself as a significant Sentence Direction × Response Direction interaction, such that responses are faster when the direction of the sentence matches the direction of the response than when the direction of the sentence mismatches the direction of the response. The results are presented in Figure 1 .
Statistical analyses revealed a significant Sentence Direction × Response Direction × Cue Presentation interaction, F 1 (2, 141) = 4.01, p < .05; F 2 (2. 56) = 3.06, p = .055, indicating that the ACE was different across the three cue presentation conditions. Within the individual cue presentation conditions, there was a significant ACE in the 500-ms condition, F 1 (1, 47) = 9.74, p < .01; F 2 (1, 28) = 5.07, p < .05, but not in the 1,500-or 2,000-ms conditions (Fs < 1). In the 500-ms condition, participants were faster to produce "towards" actions than to produce "away" actions when responding during "towards" sentences, F 1 (1, 47) = 5.73, p < .05; F 2 (1, 28) = 5.25, p < .05, but the tendency to produce "away" actions 1 Errors were analysed with a Cue Presentation × Sentence Direction × Response Direction ANOVA and showed a main effect of response direction (F 1 and F 2 > 7.00, p < .05), with responses on away trials being slightly more accurate than responses on towards trials (99.5% vs. 99.0%). The interaction of Cue Presentation Sentence Direction was significant by participants but not items, F 1 (2, 141) = 4.00, p < .05; F 2 (2, 78) = 1.98, p = .15, with participants in the 500-ms condition being more accurate when responding during away sentences than when responding during towards sentences (98.6% for away sentences, 99.3% for towards sentences), and the opposite pattern holding for participants in the 1,500-ms condition (99.4% for away sentences, 98.9% for towards sentences) and in the 2,000-ms condition (99.7% for away sentences, 99.6% for towards sentences). Given that so few participants made any errors at all (only 19% of participants made an error in responding) and that even fewer participants made more than one error (6% of participants), it is our sense that the statistical significance of these small differences reflects the extreme lack of variability in the error data rather than systematic differences in the way that participants were responding to the task.
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Page 7 faster than to produce "towards" actions during "away" sentences was not significant, F 1 (1, 47) = 2.99, p = .09; F 2 (1, 28) = 1.34, p = .25. Thus, delaying the execution of the motor response until a relatively late point in the sentence (1,500 or 2,000 ms after sentence onset) had the effect of eliminating the ACE. In addition to the significant three-way interaction, the main analysis also revealed an effect of cue presentation condition, F 1 (2, 141) = 6.01, p < .01; F 2 (2, 56) = 208.80, p < .001, with participants in the 500-ms condition responding more slowly than participants in the other two conditions. An examination of the data in all three cue presentation conditions showed that the longer average response times for participants in the 500-ms condition was due to a subset of the participants (around 25% of the participants in that condition) having somewhat long response times (average response times for these participants were > 2,000 ms, whereas no participants in the 1,500-or 2,000-ms conditions had average response times over 2,000 ms). Although the behaviour of these participants is somewhat discrepant from the behaviour of the other participants in the experiment in terms of overall response latency, it is important to note that their data show essentially the same pattern as the data of the rest of the participants in the 500-ms condition. Removing these participants from the analyses has very little impact on the statistical results.
These data take us part of the way towards finding the window of time in which simulations are run during the comprehension of our critical sentences. Given an average sentence length of around 2,300 ms, the fact that the ACE was eliminated when the motor cue was presented at both 1,500 ms and 2,000 ms after the onset of the sentence suggests that the simulations are being run at some point around the last 300-800 ms of the sentence (a time period that largely covers the last noun phrase of the sentence). Although the experiment was not originally designed to do so, we decided to exploit the fact that there was some variability in the length of our sentences (sentence lengths ranging from 1,500 ms to 3,000 ms) in order to see whether we could get a better handle on the timing issue. We broke our sentences into three length categories: 1,500 ms-2,000 ms (11 sentences; as discussed earlier, these sentences were excluded from the previous analyses), 2,000 ms-2,400 ms (14 sentences), and 2,400 ms-3,000 ms (15 sentences). These length categories were constructed in part to equate the number of sentences in each condition (and thus to facilitate the subsequent analysis). For each sentence, we calculated an ACE value for each of the three cue presentation conditions. The ACE value was calculated as (away sentence, towards response -away sentence, away response) -(towards sentence, towards response -towards sentence, away response), such that the canonical ACE would result in a positive number, and a reversed ACE would result in a negative number. The resulting ACE values were analysed using a 3 (Cue Presentation condition: 500 ms, 1,500 ms, 2,000 ms) × 3 (Sentence Duration: 1,500-2,000 ms, 2,000-2,400 ms, 2,400-3,000 ms) ANOVA with cue presentation as a within-items variable and sentence duration as a between-items variable. We did not conduct analyses across participants because the counterbalancing scheme set up to balance other variables in the experiment resulted in imbalances in the sentence duration variable for participants across the cells of the design.
The ACE values across cue presentation conditions and sentence durations are presented in Figure 2 . The main effects of cue presentation condition and sentence duration were not significant (Fs < 1), but there was a significant Cue Presentation Condition × Sentence Duration interaction, F 2 (4, 74) = 2.56, p < .05. The interaction reflects the fact that each of the three sentence duration categories shows a different pattern of ACE values across cue presentation conditions. For the shortest sentences (1,500-2,000 ms), the ACE is weakest in the 500-ms condition. For the midlength sentences (2,000-2,400 ms), the ACE is weakest in the 1,500-ms condition. For the longest sentences (2,400-3,000 ms), the ACE is weakest in the 2,000-ms condition. In the interest of clarifying the patterns presented in Figure 2 , it is instructive to reorder the individual conditions in the figure according to the distance between the presentation of the motor cue and the end of the sentence. For example, when considering the 1,500-2,000-ms group of sentences, the cue is presented between 1,000 and 1,500 ms before the end of the sentence in the 500-ms cue presentation condition, between 0 and 500 ms before the end of the sentence in the 1,500-ms cue presentation condition, and between 0 ms and 500 ms after the end of the sentence in the 2,000-ms cue presentation condition. Figure 3 presents the reordered data, with the distance between the cue and the end of the sentence displayed along the xaxis. Note that there are some cases where the time periods covered by different conditions overlap. In this case, we ordered the conditions such that the one that had the lower time bound closest to the end of the sentence was considered to be closer to the end of the sentence than the condition with a lower bound that was further from the end of the sentence. Thus, the time bin between 400 and 1,000 ms before the end of the sentence was considered to be closer to the end of the sentence than the time bin between 500 and 1,000 ms before the end of the sentence. In the discussion that follows, the conclusions are unaffected by reversing the position of these overlapping conditions.
The data in Figure 3 show that the ACE is present both when the motor cue is presented at an early stage in sentence processing (1,900-2,500 ms before the end of the sentence) and when the motor cue is presented near the very end of the sentence (from around 500 ms before the end of the sentence until 500 ms after the end of the sentence), but not when the motor cue is presented between 500 and 1,900 ms before the end of the sentence.
Statistically, the ACE was significantly different from 0 when the motor cue was presented 1,900-2,500 ms before the end of the sentence, t(14) = 2.26, p < .05, when the motor cue was presented between 0 and 400 ms before the end of the sentence, t(23) = 2.58, p < .05, and when the data from the 0-400 ms before the end of the sentence and the 0-500 ms before the end of the sentence conditions were combined (on account of the degree of temporal overlap between the conditions) t(24) = 2.61, p < .05. These data suggest that the execution of the simulation of the motor action described in the sentence (which binds the "towards" or "away" directional feature to the simulation and thereby disrupts the ACE) appears to be centred around the time from 500 to 1,900 ms before the end of the sentence (i.e., it occurs as the comprehender is processing the final noun phrase in the sentence). Interestingly, the data also suggest that not only is the ACE present when the motor response is executed early in the processing of the sentence, but also that the ACE reappears after the running of the simulation, but before the end of the sentence. We take up the implications of this pattern in the Discussion section.
Whereas the data presented in Figures 2 and 3 help to further define the range of time in which simulations might be executed during the comprehension of these sentences, they are also useful in ruling out an alternative account of the presence of the ACE in the 500-ms cue presentation condition and the absence of the ACE in the 1,500and 2,000-ms conditions. One might propose that participants in the 1,500-and 2,000-ms conditions did not show the ACE because they were not actually paying attention to the sentences (in spite of our instructions that they should remember the sentences for a later memory test). The data in Figure 2 argue against this possibility, as within each cue presentation condition some sentences show an ACE effect whereas others do not (and this difference is explained, at least in part, by the timing of the motor response within the sentence). This pattern would not be expected to emerge if the participants were not paying attention to the content of the sentences.
DISCUSSION
The experiment reported in this paper was designed to further our understanding of the temporal dynamics of the ACE. We were interested in determining whether comprehenders were running simulations of the actions described in the sentences before the end of the sentence and, if so, determining at what point before the end of the sentence this was taking place. The results suggest that comprehenders are simulating the action described in the sentence before processing of the entire sentence has been completed. Evidence for this claim comes from the 1,500and 2,000-ms conditions, in which the ACE was eliminated by delaying the execution of the "towards" and "away" motor responses until near the end of the sentence. Our examination of the data from individual sentences suggests that the locus of this simulation is somewhere between 500 and 1,900 ms before the end of the sentence. Given that our estimate of the time frame of the ACE arises from a post hoc analysis of the data, this latter conclusion should be accepted tentatively pending more carefully controlled studies of the ACE in this time window.
Our data support the feature binding account of the ACE developed by Borreggine and Kaschak (2006) . The presence of the ACE in the 500-ms cue presentation condition reflects the activation of directional features (towards or away) by both the content of the sentence and the motor response. The absence of the ACE in the 1,500ms and 2,000-ms cue presentation conditions is a consequence of the relevant directional features being bound to the simulation of the action described by the sentence. The running of the simulation (and consequently, the binding of features) appears to occur between 500 and 1,900 ms before the end of the sentence. The fact that the ACE reemerges after the running of the simulation, but before the end of the sentence, is also consistent with this account. Even though action described by the sentence has already been simulated, the nature of the task requires the participants to continue attending to the content of the sentence (as they need to remember the sentence for a later memory test). As participants continue to maintain the content of the sentence in memory, they reactivate the directional features relevant to the action of the sentence. This allows the ACE to reemerge at the very end of the sentence.
The data do not support the feature activation account described earlier. The feature activation account predicts that the ACE should be present throughout the processing of the sentence, as the motor features associated with the action depicted in the sentence should be active (and available to prime the motor response) as long as the sentence is being processed. This was not the case. Furthermore, the feature activation account does not have a mechanism to explain why the ACE would disappear during the processing of the sentence and then reemerge at the very end of the sentence. Even if one presumes that the disappearance of the ACE during the sentence reflects the fact that the process of comprehension was completed before the end of the sentence, the fact that participants were instructed to remember the sentences would suggest that they would continue to keep the content of the sentence in memory. From the perspective of the feature activation account, this possibility would seem to preclude the disappearance of the ACE at some point during the sentence.
Our findings take a step towards nailing down the time course of the ACE during sentence comprehension, but it is important to note that this time window is only a rough estimate and is likely to be affected by the characteristics of the individual sentences themselves. For example, if the content of the sentence is predictable (e.g., in "The bartender served you …" it is somewhat likely that the final noun phrase in the sentence will be a phrase such as "the drink") it may be possible to run the simulation at an earlier point in the sentence than if the nature of the action cannot be ascertained until the content of the final noun phrase in the sentence is known. The possibility of sentence-level variables affecting the timing of the simulation process is one explanation for why the ACE was absent for a period of around 1,400 ms (between 500 and 1,900 ms before the end of the sentence) in our data. Further studies will be needed to determine exactly how long motor features are bound to simulations during sentence comprehension. Together with Taylor and Zwaan's (2008 this issue) exploration of the role of linguistic focus in shaping the motor resonance that occurs during sentence processing, our suggestion that factors such as predictability can affect the timing of motor resonance and the execution of simulations during sentence processing argues that it may be fruitful to examine the role of a range of psycholinguistic variables in constraining the use of sensorimotor information in language comprehension.
Whereas we have discussed at length how our results fit within the framework of theories of motor planning (i.e., TEC), our results are also consistent with extant theories of sentence processing. The two-stage approach to the comprehension of sentences is in accord with Townsend and Bever's (2001) LAST, which claims that sentence processing involves an initial stage in which many sources of information (probabilistic information about the use of particular words and syntactic constructions, "world knowledge," etc.) are used to generate a quick-and-dirty interpretation for the sentence and a second stage in which a more refined interpretation of the sentence is generated. Thus, the initial stage of sentence processing would involve the activation of motor information relevant to the actions that are being described in the sentence (see Zwaan & Taylor, 2006 , for a demonstration of the early activation of motor information during sentence processing; see also Chambers, Tanenhaus, & Magnuson, 2004) , and the second stage would involve running a more precise simulation of the events being described (see Zwaan & Taylor, 2006 , for a similar argument).
Although we have interpreted our data in the context of a sensorimotor or "embodied" approach to language comprehension, it is interesting to note that there is an apparent disconnect between the results presented by Borreggine and Kaschak (2006) and other results that are taken as support for the sensorimotor view (e.g., Connell, 2007; Zwaan et al., 2004; Zwaan et al., 2002) including the results presented here. Whereas Borreggine and Kaschak's (2006) Experiments 2-4 suggest that simulations occur during online sentence comprehension and that congruence effects such as the ACE disappear once the sentence has been completed, other reports have shown congruence effects between a sentence that is processed and a stimulus (typically a picture; e.g., Connell, 2007; Zwaan et al., 2002) that is presented after the end of the sentence. In our view, the discrepancy between Borreggine and Kaschak's (2006) results and other results reported in the literature can be explained by examining the demands of the different experimental tasks used across studies. In the sentence-picture judgement tasks, participants process the sentence and then need to assess whether the picture that is presented matches the content of the sentence. This judgement requires the participant to keep the content of the sentence in memory after they have finished the process of sentence comprehension, and thus this paradigm reveals congruence effects even though the perceptual stimulus is presented after the offset of the sentence. In contrast, Borreggine and Kaschak's (2006) paradigm does not require participants to keep their representation of the content of the sentence active after they have finished the process of sentence comprehension. When the presentation of the motor cue was delayed until after the end of the sentence, all participants needed to remember was that they intended to make a "yes" response. Thus, there is no congruence effect when the motor cue is presented after the end of the sentence.
This proposal allows us to explain why Borreggine and Kaschak (2006) did not observe the ACE when the motor cue was presented after the end of the sentence, whereas we do observe a positive ACE when the motor cue was presented after the end of the sentence. Because the present task focused on memory for the sentences, participants may have continued rehearsing sentence content after having comprehended the sentence. As such, the relevant motor features were reactivated after the simulation was run (see earlier discussion) and remained active as the participant continued rehearsing the sentence. Thus, a version of the ACE task that requires memory of the sentence content beyond the conclusion of the sentence shows an ACE effect after the conclusion of the sentence (see Figure 3) , but a version of the same task that does not require memory of the sentence beyond the end of the trial does not.
The hypothesis advanced here suggests that the interaction between linguistic and sensorimotor processing depends in part on when and how participants are focusing on the content of the sentence. Taylor and Zwaan (2008 this issue) make a similar point with their lexical focus hypothesis (LFH). In an earlier set of experiments, Zwaan and Taylor (2006) used a phrase-by-phrase reading task to show that motoric information was active while the verb of the sentence was processed, but was not active when other regions of the sentence were being processed. Taylor and Zwaan (2008 this issue) use a similar task to show that the activation of motoric information can be extended beyond the verb when additional lexical items (particularly adverbs) continue to focus attention on the action that is being described.
It will be important to continue exploring how experimental task demands and linguistic cues affect the timing and shape of "embodied" effects in language processing.
The data reported in this paper have shed some light on the temporal dynamics that surround the activation and use of motor information during the processing of sentences about action. This work takes a small step towards understanding how sensorimotor information is used during online sentence comprehension. In order to develop a fuller understanding of these dynamics, it will be necessary to conduct studies using both a broader range of sentence types and a broader range of action types. Such explorations will place important constraints on the development of sensorimotor theories of language comprehension. Motor response times as a function of sentence direction and response direction across cue presentation conditions.
